The molecular evolution of the alcohol dehydrogenase 1 (Adhi; alcohol:NAD+ oxidoreductase, EC 1.1.1.1) locus in members of the grass family is analyzed. We report the complete DNA sequence of a genomic clone of Adhi from Pennisetum glaucum cv. TO 23DB (pearl millet). The gene is characterized by ten exons and nine introns. 
The study of plant molecular evolution has lagged well behind that of animals, and this is especially true for the comparative sequence analyses ofnuclear singe-copy genes (1) . A gene that has been the object of considerable study in species of the grass family (Poaceae) encodes alcohol dehydrogenase 1.* It is a member of a small family of alcohol dehydrogenases (alcohol:NAD' oxidoreductase, EC 1.1.1.1) that catalyze the NAD+-dependent oxidation of alcohols. The role of alcohol dehydrogenases in plant response to anoxia has been well characterized, especially in maize (see refs. 2 and 3). Adhl has also been characterized at the molecular level in a number of species.
Sequence data for the chloroplast-encoded gene for ribulose-1,5-bisphosphate carboxylase (rbcL) have been used to determine phylogenies within the grass family and to estimate relative rates of evolution for different grass lineages (4) . The relative rate test of Wu and Li (5) suggests rbcL evolves at an accelerated rate in the lineage leading to Zea mays (maize) relative to the lineages leading to Pennisetum glaucum (pearl millet) and Hordeum vulgare (barley). Adhl sequence data from these three lineages allow us to address two questions.
(i) Are rates of nucleotide substitution also accelerated for a nuclear gene (Adhl) in the maize lineage; and (ii) are molecular relationships consistent when compared between chloroplast-encoded and nuclear-encoded genes? Here we report the sequence of a pearl millet Adhi genomic clone and address the above questions.
MATERIALS AND METHODS
Adhi was recovered from an EMBL3 library of P. glaucum cv. Tift 23DB genomic DNA by plaque hybridization with a 32p probe (6) derived from an Adhl cDNA clone from maize. The isolated EMBL clone was subeloned into pUC119. Sequencing was done by the Sanger dideoxynucleotide chain-termination (7) method and used internal primers made from the pearl millet Adhi sequence.
Relative rate tests on Adhl exon sequences were done by the method of Wu and Li (5) with bootstrap resampling of sites within sequences used to estimate variances. Nonsynonymous and synonymous substitution rates of exon sequences were estimated by using the method of Li et al. (8) . Substitution rates for intron and flanking regions were estimated by the 3ST method of Kimura (9) . Phylogenies were constructed by using the DNAML (10) program of PHYLIP. Adhl data for phylogeny construction was limited to the published cDNA sequences for rice (Oryza sativa) Adhl (11) and barley Adhi (12) . RESULTS Sequence Comparison. Fig. 1 shows the nucleotide sequence of Adhi from pearl millet. The sequence has been determined to be Adhi by its close similarity to both maize Adhl and the published Adhl cDNA sequence of pearl millet (13) . The positions of introns and exons are conserved in pearl millet relative to maize, and the exon regions code for the same number of amino acids. There are 84 nucleotide differences between the exons of maize Adhl-iS (14) and the exons of Pennisetum Adhl;-eleven of these nucleotide differences result in amino acid substitutions.
Three of the amino acid substitutions (residues 200, 236, and 259) are in the coenzyme-binding domain of the protein (15) . All three of these substitutions are conservative. The remaining eight substitutions occur in various structural portions ofthe catalytic domain. Ofthese, three substitutions (residues 325, 349, and 356) occur in residues important to a reverse-turn structure (16) . All three of these substitutions (Tyr--Phe, Ile--Met, and Ala--Ser from maize to Pennisetum, respectively) involve the exchange of neutral amino acids for neutral amino acids, although sites 325 and 356 do involve changes of hydrophobicity. The Phe&-Tyr substitution at residue 43 comprises a part of the 131:1 pleated sheet, and the Asn-*Asp substitution at residue 363 occurs within the a:4 helix (16) . Site 103 (Ala--Pro) is a portion of the deep pocket that binds the second Zn2+ cofactor, although this residue does not itself bind Zn2+ (16) . The substitutions at residues 166 and 369 (Gln--Pro and Glu-Gly, respectively) are thought to be unimportant in the determination of secondary structure (16) .
Of particular interest is the comparison of the 5' flanking regions of the available Adhl sequences. The pearl millet sequence shows a clear similarity to the anaerobic regulatory element region of maize (Fig. 1) . This region was shown to be essential to the regulation of transcription during anaerobic Abbreviation: Mya, million years ago. *The sequence reported in this paper has been deposited in the GenBank data base (accession no. M59082).
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response (17) . The pearl millet sequence also includes a presumptive TATA box as well as a putative CAAT box with strong similarity to the maize CAAT box (Fig. 1 ). An additional 13-base-pair similarity is found immediately 3' to the CAAT box sequence. Beyond these conserved regions there is little sequence similarity in the maize and Pennisetum 5' flanking regions.
The Pennisetum Adhi allele contains sequence of close similarity to two regions thought important in the translational regulation of Adh (18) . These regions are identical in the maize alleles Adhi-JS, Adhi-JF (19) , and AdhIl-Cm (20) (Fig. 1) . The Pennisetum allele also contains an animal polyadenylylation signal -50 nucleotides from the stop codon (Fig. 1) .
Relative respectively; 0 refers to outside reference species. d13d23 refers to the distance from species M to the reference species minus the distance from species P to the reference. SE refers to the standard error of d13423 as determined by bootstrap resampling. Mze1S, MzelF, and MzelC refer to the AdhI-JS, Adhi-iF, and Adh-iCm alleles of maize. *Data were significant at P < 0.01.
Adhi, a divergence time between the two species must be calculated. Fossil data suggests that rice originated some 40 million years ago (Mya) (21) . By using 50 million yr as the upper bound for the origin of rice (22) Adhi and a calculated divergence time based on rbcL data, we can estimate rates of Adhi substitution events. Table 2 gives rates of substitution assuming a divergence time of 25 Mya. All rate estimates are based upon the mean distance of Table 2) . Similar tests were performed for individual introns and no significant variation in substitution rate between introns was found ( Table 2) .
Knowledge of the mean substitution rate of the coding regions of the AdhM locus allows the estimation of the divergence times of the three published maize AdhM alleles (Adhl-iS, Adhl-iF, and Adhi-Cm). Using a distance estimate generated by the Kimura two-parameter method (9) and assuming a rate of substitution of 3.63 x 10-9 substitutions per site per year throughout Adhi coding regions, we find that the Adhl-iS and Adhi -iF alleles diverged =2.6 Mya. Similarly, the Adhi-iS allele diverged from Adhi-Ctm =1.2 Mya, and Adhl-iF diverged from Adhl-Ctm =2.5 Mya. Thus, it appears that Adhl-iF and Adhl-iS are the two more ancient alleles and that the Adhi-Cm allele diverged from Adhl-iS.
Osterman and Dennis (20) suggest that gene conversion has occurred between the Adhi-Cm and Adhl-iS alleles. As evidence for conversion they cite the sequence identity of these two alleles throughout the region spanning exon 6 through exon 9. To further test for gene conversion, we performed x2 heterogeneity tests on distance estimates of individual exons (Table 3 ). The distance estimates for all individual exons between all pairwise combinations of maize alleles were considered. Both synonymous and nonsynonymous distances are homogeneous among exons for each pairwise comparison of maize alleles. x2 heterogeneity tests were also performed on intron distance data (Table 3) . Although intron distances are homogenous for all introns between the Adhl-iF and the Adhi-iS alleles and also between the Adhl-iF and the Adhi-Cm alleles, x2 heteroge- (8) ; intron distances were estimated by the 3ST method of Kimura (9) . L, and L4 refer to the number of synonymous and nonsynonymous sites, respectively. K. and K& refer to the substitution rates of synonymous and nonsynonymous sites, respectively. K represents the substitution rates of introns.
L represents number of sites. All rates reported are the mean substitution rate from Pennisetum to the three maize alleles (Adhil-IS, Adhl-iF, and AdhIl-C'). x2 H indicates heterogeneity scores; degrees of freedom are in parentheses and are given for synonymous rates of individual exons, nonsynonymous rates of individual exons, and for individual introns. Untrans, untranslated.
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Evolution: Gaut and Clegg iS-C refers to comparisons ofmaize alleles Adhl-1S and Adhi -Cm; 1S-iF and IF-C refer to comparisons of Adhi-iF to Adhl-iS and AdhJ-Cm, respectively. Syn exon reports the value of a x2 hetero geneity test based on the synonymous distances between individual exons of two alleles. Nonsyn exon reports the value of x2 heterogeneity tests based upon nonsynonymous distances between exons of two alleles. Introns gives the value of 2 tests based on distances of individual introns. Distance estimates and x2 values are estimated as in Table 2 . Degrees of freedom are given in parentheses. *Data was significant at P < 0.005. neity tests between the intron regions of Adhl-JS and Adh1-Cm did produce significant results (P < 0.005). This suggests that different introns among these two alleles have experienced different substitution rates. Such a result is consistent with the gene conversion hypothesis of Osterman and Dennis (20) .
Molecular Phylogenies. The placement of the Bambusoid subfamily of the Poaceae in relation to the Panicoid and the Pooid subfamilies has been a subject of some contention (24) (25) (26) . Molecular analysis has been unable to strongly support any view concerning the branching order of these three subfamilies. On the basis of three chloroplast loci, Wolfe et al. (27) conclude that "the branching order is too close to a trichotomy to be resolved by the available data." Doebley et al.'s (4) rbcL analysis allies the Bambusoids with the Panicoids, whereas Hamby and Zimmer's (28) work with rRNA sequences suggests the Bambusoids are closer to the Pooids than the Panicoids.
Unrooted maximum likelihood trees were based on Adhi sequence data in which the Bambusoideae were represented by rice (11) , the Panicoideae by the three maize alleles and by pearl millet, and the Pooideae by barley (12) . By using Adhl sequences alone, the tree with the highest likelihood supports rice as slightly closer to the Panicoids than barley (Fig. 2) . This supports the rbcL-based analysis and suggests the Bambusoids are more closely allied to the Panicoids than the Pooids.
pearl millet mzelC DISCUSSION Banuett-Bourillon and Hague (29) demonstrated that pearl millet Adh genes are regulated in a manner analogous to the maize Adh genes. As such, pearl millet appears to have one gene that is orthologous to maize Adhl. The strong sequence similarity of our pearl millet clone to the maize Adhl alleles suggests that the pearl millet Adhi clone is homologous to the maize Adhi gene.
The amino acid substitutions between maize Adhl-1S and Pennisetum may not be important in protein function. All substitutions in the coenzyme-binding domains are conservative. Within the catalytic domain three substitutions occur in regions of reverse turns (residues 325, 349, and 356). Though reverse-turn structures are important to tertiary folding of the protein, two of the three additional residues found in Pennisetum have a greater than random probability of being found in a reverse turn (30) . The third reverse-turn substitution is conservative. Thus, none of the reverse-turn substitutions appear likely to have a major effect on protein function. The remaining substitutions between the proteins of the two species either are in residues that are not believed to be important to secondary structure (residues 103, 166, and 369) or are substitutions (residues 43 and 363) consistent with amino acids typically found in the relevant secondary structure (30) .
Of the 11 amino acid changes between maize Adhl-1S and Pennisetum Adhi, only 3 are in the coenzyme-binding domain. Of the remaining eight substitutions, five changes are coded by the 3' half of the ninth exon and the tenth exon. Nevertheless, heterogeneity tests based on the substitution rates of individual exons do not indicate that nonsynonymous substitution rates for this exon are significantly different from the rates of nonsynonymous substitution of other exons. Thus, at this weak level ofresolution we cannot conclude that the ninth and tenth exons are under less constraint than the first eight exons. The overall rate of 2.50 x 10-10 nonsynonymous substitutions per site per year agrees reasonably well with the rates of substitution for plant nuclear genes reported by Wolfe et al. (27) . The overall synonymous rate estimates of exons are well within the estimate of5-30 x 10-9 synonymous substitutions per site per year for plant nuclear genes (27) (27) .
The estimation of divergence times for the maize alleles may be misleading. x2 heterogeneity tests based on the distances of individual introns between alleles Adhi-lS and Adhi-Cm suggest that the number of nucleotide substitutions between individual introns may be heterogeneous. Such heterogeneity is consistent with a gene-conversion event between portions of Adhl-JS and Adh1-Cm. As a consequence, estimates of divergence times-which assume mutations are independently accrued in each gene lineage-may be inaccurate. Nonetheless, the more ancient alleles appear to be the Adhl-iS and the Adhi-iF alleles, and their divergence greatly predates the time of maize domestication [-7500 yr ago (31) ].
It is difficult to explain the reasons for the accelerated rate of substitution in the maize rbcL gene relative to the Pennisetum rbcL gene and the corresponding lack of acceleration for Zea relative to Pennisetum for the Adhi gene. It appears, however, that this result is not limited to the Adhi locus, as Zea substitution rates are not accelerated for nuclear ribosomal RNA-encoding genes. Wu and Li (5) suggest that, among other things, mutation rates depend upon effective population size (Ne). Organelle genes have an Ne that is approximately one-fourth that of nuclear genes (32) . This difference in N, increases the probability of fixation of a mutant organelle allele relative to a mutant nuclear allele, especially in small populations. It is not inconceivable that the small N, of the chloroplast genome relative to the nuclear genome permitted the fixation of mutant alleles in the maize lineage. Thus, drift effects could accelerate maize rbcL fixation relative to Pennisetum. Nuclear loci, subject to different drift dynamics, might escape such effects.
